###### Significance

*In vitro* motility assay was used to examine regulatory functions of thin filaments that contain tropomyosin mutants V95A or D175N, which are known to cause hypertrophic cardiomyopathy (HCM) in humans. The sliding velocity during relaxation was significantly increased in these mutants compared to wild type (WT) tropomyosin. Ca^2+^-activatable sliding force decreased in V95A and increased in D175N. The duty ratio determined at the steady state of force generation at saturating \[Ca^2+^\] decreased in V95A and increased in D175N. We conclude that HCM mutants of tropomyosin differently modulate molecular processes of the actomyosin interaction.

Hypertrophic cardiomyopathy (HCM) occurs in 1/500 of population \[[@b1-16_28]--[@b8-16_28]\]. Among those affected by HCM, a sudden cardiac death occurs at the rate of 1--2% in young and active adults as well as in elderly population \[[@b2-16_28],[@b3-16_28],[@b6-16_28],[@b9-16_28]\]. About 60% of HCM cases are familial diseases and inherited, mainly due to mutations in sarcomeric proteins \[[@b1-16_28],[@b3-16_28],[@b4-16_28],[@b6-16_28]\] that include β-myosin heavy chain (gene: *MYH7*), myosin essential light chain (*MYL3*), myosin regulatory light chain *(MYL2)*, myosin binding protein-C (*MYBPC3*), TnC (*TNNC1*), TnI (*TNNI3*), TnT (*TNNT2*), α-tropomyosin (α-Tpm) (*TPM1*), α-actin (*ACTC*), and titin (connectin) (*TTN*) \[[@b1-16_28],[@b4-16_28],[@b6-16_28]--[@b8-16_28],[@b10-16_28]\]. Expression levels of these mutant proteins are variable among patients, hence environmental factors are also involved. Some individuals with a mutation may remain asymptomatic, whereas others with the same mutation experience severe symptoms \[[@b1-16_28]--[@b3-16_28],[@b5-16_28],[@b10-16_28],[@b11-16_28]\]. Even different mutants can exhibit the same pathogenesis \[[@b1-16_28],[@b6-16_28]\].

To understand the contractile properties altered by HCM mutations, multi-facial approaches have been made. These are, in the increasing order of complexity: (i) *in vitro* motility assay, (ii) myofibril, (iii) muscle fiber (cell), (iv) transgenic animal model, and (v) human patient study. The approach (i) uses the reconstituted system based on purified proteins, and (ii) and (iii) use a technique of selective removal of endogenous proteins and their replacement with purified proteins \[[@b12-16_28],[@b13-16_28]\]. (iv) uses animal models in which a single gene is replaced with a mutated one. At this level, myocyte hypertrophy and disarray, and interstitial fibrosis are noticed \[[@b14-16_28]\]. (v) is the most difficult and complex, yet the most significant part of investigations on heart diseases. Eventual understanding of the diseases and their treatments must depend on the combined efforts of all of these approaches and disciplines. Our present report is based on approach (i), and aims at understanding the immediate molecular effects that follow a gene alteration and its expression.

A variety of molecular and cellular hypotheses have been proposed to account for the mechanisms leading to HCM: diminished contractility \[[@b15-16_28],[@b16-16_28]\], irregular formation of myofibril structures \[[@b17-16_28],[@b18-16_28]\], increased ATP hydrolysis rate and active force \[[@b19-16_28]\], altered Ca^2+^-sensitivity \[[@b20-16_28]--[@b24-16_28]\], incomplete relaxation during diastole \[[@b16-16_28],[@b25-16_28]\], and diminished myocyte relaxation rate \[[@b26-16_28]\]. In the case of α-Tpm, 17 missense mutations are known to cause HCM \[[@b7-16_28]\]. A coiled-coil Tpm molecule is composed of seven quasi-repeats or "periods" \[[@b27-16_28]\]. Investigations on regional deletion/replacement mutants have suggested that each Tpm period is associated with a function(s) that characterizes the period \[[@b28-16_28]--[@b32-16_28]\]: periods 1 and 7 are essential for the head-to-tail association of neighboring Tpm molecules, periods 2 and 3 play an important role for allosteric activation of actin \[[@b31-16_28],[@b32-16_28]\], and periods 4--6 are required for the Ca^2+^-regulatory function \[[@b28-16_28],[@b32-16_28]\].

In our current study, we evaluated the molecular mechanism of contractile dysfunction caused by human α-Tpm mutants V95A and D175N that are located in periods 3 and 5, respectively ([Fig. 1](#f1-16_28){ref-type="fig"}). Following to our previous study on the effects of HCM mutants on force generation using reconstituted muscle fibers \[[@b16-16_28]\], we examined the molecular mechanism of contractile dysfunction caused by the Tpm mutants at the single molecular level. We deduced two parameters from the *in vitro* motility assay using optical tweezers: sliding force at the steady state in saturating \[Ca^2+^\] and unloaded sliding velocity. We found that the suppression of the actomyosin interaction at low \[Ca^2+^\] is insufficient in either Tpm mutant, and the active force is modulated by the mutant. We then propose how the Tpm mutants modulate the duty ratio, thereby the mechanisms of force generation.

Materials and Methods
=====================

Purification of proteins
------------------------

The wild type (WT) and two mutants associated with HCM (V95A and D175N) of human α-Tpm were expressed in *E. coli* as recombinant proteins and purified in Chase laboratory at the Florida State University \[[@b33-16_28],[@b34-16_28]\]. Because bacterially expressed proteins lack N-terminal acetylation, two extra amino acid residues, Gly-Ser, were attached at the N-terminus to functionally substitute for the acetylation. Two rabbits were purchased from Japan Laboratory Animals, Inc., and used for the present study. Actin and heavy meromyosin (HMM: α-chymotrypsin proteolytic fragment of myosin II) were purified from rabbit white skeletal muscles as described previously \[[@b35-16_28],[@b36-16_28]\]. All experimental procedures conformed to the "Guidelines for Proper Conduct of Animal Experiments" approved by the Science Council of Japan and were performed according to the "Regulations for Animal Experimentation" at Waseda University. Gelsolin from bovine plasma and bovine ventricular troponin (Tn; a complex of TnI, TnC and TnT) were purified as described previously \[[@b37-16_28],[@b38-16_28]\]. Bovine samples were obtained as food by-products.

Solutions
---------

F-buffer contained 2 mM MgCl~2~, 1.5 mM NaN~3~, 100 mM KCl, 1 mM dithiothreitol (DTT), 2 mM 3-(*N*-morpholino) propanesulfonic acid (MOPS), and pH adjusted to 7.0. Rigor solution contained 4 mM MgCl~2~, 1 mM ethylene glycol bis (β-aminoethyl ether) N,N′-tetraacetic acid (EGTA), 25 mM KCl, 10 mM DTT, 25 mM Imidazole-HCl (Im-HCl). Relaxing solution contained 2 mM Na~2~ATP (Roche Diagnostics, Indianapolis, IN, USA), 4 mM MgCl~2~, 1 mM EGTA, 13 mM KCl, 6 mM KH~2~PO~4~, 10 mM DTT, and 25 mM Im-HCl. Activating solution was the same as the relaxing solution, except that 1 mM CaCl~2~ was added (pCa=5.0). pCa 4.0 solution contained 2 mM Na~2~ATP, 4 mM MgCl~2~, 1 mM EGTA, 1.15 mM CaCl~2~, 12.6 mM KCl, 6 mM KH~2~PO~4~, 10 mM DTT, and 25 mM Im-HCl. Solutions in the range of pCa 5.5--9.0 were appropriate mixtures of the relaxing and activating solutions, and pCa 4.5 solution was an appropriate mixture of the pCa 4.0 solution and the activating solution. Except for F-buffer, pH and ionic-strength of these solutions were adjusted to 7.4 and 50 mM, respectively. All chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan), unless otherwise stated.

Preparation of bead-tailed reconstituted thin filaments
-------------------------------------------------------

Bead-tailed actin filaments (F-actin) were prepared as previously described \[[@b36-16_28],[@b39-16_28],[@b40-16_28]\]. In brief, polystyrene beads (1.0 μm in diameter, Molecular probes, Eugene, OR, USA) were coated with the mixture of gelsolin and tetra methyl rhodamine-maleimide (Molecular Probes) conjugated with bovine serum albumin (BSA: Sigma-Aldrich, St. Louis, MO, USA) using the carboxyl group at the surface of the beads \[[@b36-16_28]\]. Rhodamine-conjugated phalloidin (Molecular Probes) was bound to F-actin, which was then attached to the polystyrene bead through gelsolin. We reconstituted the bead-tailed thin filaments in a test tube (20 μL) starting from the bead-tailed actin filaments (corresponding to 0.6 μM G-actin) in the presence of 0.6 μM Tpm and 0.6 μM Tn. The mixture was incubated for 1 hour on ice \[[@b41-16_28]\], followed by *annealing* treatment (45°C, 10 min) to achieve correct head-to-tail interaction between neighboring Tpm molecules along the actin filament \[[@b42-16_28]\] and to improve the reproducibility of results. After reconstitution, the samples were stored on ice until used for experiments.

Optical setup
-------------

The optical setup used in this study was same as the one described previously \[[@b43-16_28]\]. Briefly, the setup was built around an inverted microscope (IX 71, Olympus, Tokyo, Japan). The light from an Nd-YLF laser (T20-BL-106C, 1064 nm, 1W, Spectra-Physics, Santa Clara, CA, USA) was led through the objective lens (Apo TIRF 100X oil-immersion, N.A.=1.49, Nikon, Tokyo, Japan) to function as optical tweezers. The bright field image using the light from a Xenon lamp (MAX-303, filtered to 710--900 nm, Asahi Spectra, Tokyo, Japan) was monitored by two cameras. One CCD camera (MC-781P; Texas Instruments, Inc., Dallas, TX, USA) recorded the bright field image together with fluorescence image at a video rate of 30 fps. The other high speed camera (IMPERX, Inc., Boca Raton, FL, USA) was used to record at 200 fps for real-time tracking of the position of the trapped bead. Green laser (532 nm, Melles Griot KK, Tokigawa, Saitama, Japan) was used for the total internal reflection fluorescence (TIRF) microscopy, which illuminated only the vicinity of the cover slip surface (\~100 nm) specifically exciting the filaments interacting with HMM on the cover slip. Concomitant rhodamine fluorescent light (570--600 nm) from the thin filaments was amplified by an image intensifier (Video Scope international, Ltd., Dulles, VA, USA), and recorded by another CCD camera (EB-CCD, MC681SPD-ROBO, Texas Instruments, Inc.). Bright-field and TIRF images were combined and monitored on the same screen using a multi-viewer (MV-40F, FOR-A, Tokyo, Japan), then recorded in a personal computer (PC) with an eight bit resolution using a custom-built program based on LabVIEW (National Instruments Japan, Tokyo, Japan). All equipment was turned on one hour before experiments to reduce thermal drift.

*In vitro* motility assay
-------------------------

The protocol to prepare the *in vitro* motility assay was based on our previous report \[[@b43-16_28]\] with modifications ([Fig. 2](#f2-16_28){ref-type="fig"}). The first drop (20 μL) of HMM solution (30 μg/mL in Rigor solution) was injected from a side of the flow cell and settled for 60 s. In this period the HMM molecules were attached to the collodion-coated surface of the coverslip. The second drop of the HMM solution (20 μL) was injected from the other side of the flow cell and settled for 60 s. Then 20 μL of the experimental solution (Rigor or a pCa solution containing 5 mg/mL BSA) was injected and allowed to settle for 5 min. Finally, 50 μL of the experimental solution containing the bead-tailed F-actin or reconstituted thin filaments (diluted by 1:100 from the one stored) and 1 mg/mL BSA were injected to the flow cell. In experimental solutions for the reconstituted thin filaments, 100 nM excess Tpm and 100 nM excess Tn were added to ensure that Tpm and Tn were bound and saturated on the thin filaments \[[@b44-16_28]\]. The experimental solutions also contained 25 mM glucose, 0.22 mg/mL glucose oxidase, and 0.036 mg/mL catalase as the oxygen scavenger system. Finally, two open ends of the flow cell were sealed with nonfluorescent enamel, and the flow cell was placed on the microscope stage. More than two flow cells were used per one condition. All flow cells were studied in less than 45 min to avoid reduction in \[ATP\]. All experiments were performed at 24±1°C.

Analysis of the sliding velocity of thin filaments
--------------------------------------------------

Moving filaments were tracked to determine the unloaded sliding velocity. Because of the previous report that the velocity depends on the total number of cross-bridges interacting with a filament \[[@b45-16_28]\], the length of the filament sampled in this study was limited between 2 and 4 μm.

We manually tracked the filaments with a fixed time interval of 67 ms continuously (using image J plugin: Manual Tracking), and calculated the sliding velocity in each 200 ms interval. Then, the data from all the intervals were averaged to deduce the sliding velocity. The interval of 200 ms was chosen to minimize the Brownian motion effect on the sliding velocity \[[@b46-16_28]\].

Because of a possible presence of local unevenness of myosin density on the coverslip surface, more than two areas were analyzed in each flow cell and the results were averaged. Seven to 48 filaments (*N*~obs~; number of filaments or observation) and 400 to 2100 intervals were analyzed per each condition.

Measurement of the sliding force
--------------------------------

The sliding force along the thin (or actin) filament was measured by using optical tweezers as described previously \[[@b43-16_28]\]. Typical time course of force measurement is shown in [Supplementary Figure S1](#s1-16_28){ref-type="supplementary-material"} (WT, pCa 5.0, *L*~a~=3 μm). The cover slip surface was positioned at \~1 μm below a bead-tailed thin (or actin) filament trapped by the optical tweezers, where the focal plane of the florescence microscopy was located. The trap center was defined as the position of the trapped bead just before the actomyosin interaction takes place. The position of the bead was determined as the center of Gaussian distribution (analyzed by image J plugin; Particle Track and Analysis) that was fit to the 2D distribution of the pixel intensity of the bright-field image. The trap stiffness was set at 0.042--0.13 pN/nm which was controlled by the laser-power. Due to the gap between the trap center (bead) and the cover slip surface, the trapped bead was pulled vertically downwards in addition to horizontally upon sliding. Therefore, from the bead position in *X-Y* plane and the length of the filament illuminated by TIRF microscopy, the angle (*θ*) of the force vector was determined geometrically \[[@b43-16_28]\]. In this study, the angle-corrected force is represented as *F*. The *F* per unit length of the thin filament (*F*~av~) was obtained by dividing *F* by the length of a part of the filament interacting with HMM (*F*~av~=*F*/length). Seven to 16 force measurements were averaged per each condition.

Counting the number of cross-bridges formed under rigor condition
-----------------------------------------------------------------

The number of cross-bridges was measured under the rigor condition as previously reported ([Supplementary Fig. S2](#s1-16_28){ref-type="supplementary-material"}) \[[@b41-16_28],[@b47-16_28]\]. The HMM-coated coverslip was prepared with HMM solution diluted to 5 μg/mL. Higher concentration was found to make the direct counting of rigor cross-bridges unreliable as the events of unbinding were indistinguishable from each other in our experimental condition.

The result was 1.35±0.15 heads/μm for 5 μg/mL HMM (*N*~obs~=14 in 4 flow cells). The number of HMM molecules adsorbed to the coverslip surface was proportional to the HMM concentration \[[@b47-16_28],[@b48-16_28]\]. Thus, the maximum number of available cross-bridges per unit length of the filament for 30 μg/mL HMM was estimated as 8.1 heads/μm, or rounded to 8 heads/μm in the subsequent description.

Analysis of the \[Ca^2+^\] dependence
-------------------------------------

The dependence of sliding velocity (unloaded) or sliding force (at the steady state) on \[Ca^2+^\] was analyzed. In the following equations, *Ca* ≡ \[Ca^2+^\] for simplicity.
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[Equation 3](#fd3-16_28){ref-type="disp-formula"} is the Hill equation \[[@b16-16_28],[@b34-16_28]\]. *Ca*~50~ is the apparent Ca^2+^ dissociation constant, and *n* is the Hill coefficient (constant) representing cooperativity of Ca^2+^ activation. *pCa*~50~ is the pCa value at half saturation, which represents the Ca^2+^ sensitivity. In actuality, the constants of *H*(*Ca*) in [Eqs. 1](#fd3-16_28){ref-type="disp-formula"}--[3](#fd3-16_28){ref-type="disp-formula"} may be different in the case of velocity and force, so (v) or (f) is placed as a subscript, such as *Ca*~50(f)~ and *n*~(f)~. In the case of force, it was measured and averaged (*F*~av~), and normalized using [Eq. 4](#fd4-16_28){ref-type="disp-formula"}, which at the same time is *H*(*Ca*) of [Eq. 3](#fd3-16_28){ref-type="disp-formula"}:
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*F*~LC~ was deduced as the mean value of the force from the relaxing condition when pCa was in the range 8.0 and 9.0 (low \[Ca^2+^\] or LC). *F*~HC~ was similarly deduced from the activating condition when pCa was in the range 4.0 and 5.8 (high \[Ca^2+^\] or HC), where the force reached plateau. *F*~act~ is their difference (*F*~act~≡*F*~HC~−*F*~LC~), which represents Ca^2+^-activatable force. The results were fitted to [Eq. 3](#fd3-16_28){ref-type="disp-formula"} using Levenberg-Marquardt algorithm \[[@b49-16_28]\], which is a non-linear curve fitting program (KaleidaGraph, HULINKS). The normalization is for the purpose of good data fitting. A similar operation was repeated for the sliding velocity, *v* ([Eqs. 1](#fd1-16_28){ref-type="disp-formula"} through [4](#fd4-16_28){ref-type="disp-formula"}).

Statistical analysis
--------------------

Experimental data was described as the mean±standard error of the mean (SEM). For paired comparisons, two-sided students' *t*-test was used. When the Pearson product-moment correlation coefficient (*P*) was calculated, the value *t*~cal~ was obtained from the degree of freedom *M* as $t_{\text{cal}} = P\sqrt{((M - 2)/(1 - P^{2}))}$ to obtain p-values using a Student's *t-*distribution.

Results
=======

Ca^2+^ regulation of sliding velocity
-------------------------------------

To measure unloaded sliding velocity (*v*), non-bead-tailed thin filaments were used ([Fig. 2A](#f2-16_28){ref-type="fig"}). The mean values of the sliding velocity between pCa 4.0 and 9.0 were plotted against pCa ([Fig. 3A and 3B](#f3-16_28){ref-type="fig"}, all error bars were smaller than the symbol size, hence not seen). The pCa-velocity relationships were fitted to [Eq. 4](#fd4-16_28){ref-type="disp-formula"} to examine the difference between the thin filaments reconstituted with mutant Tpm and WT Tpm ([Table 1](#t1-16_28){ref-type="table"}). The sliding velocity at pCa ≥8 (*v*~LC~) was significantly larger (*p*\<0.001) in mutants than in WT ([Fig. 3C](#f3-16_28){ref-type="fig"}). This incomplete relaxation may lead to a diastolic dysfunction, which is a characteristics of HCM \[[@b7-16_28]\]. The sliding velocity during activation (*v*~HC~) was comparable between mutants and WT ([Table 1](#t1-16_28){ref-type="table"}). The Ca^2+^ activated velocity (*v*~act~) was significantly less in mutants than in WT (*p*\<0.01). These trends were also observed in our previous study using thin-filament reconstituted muscle fibers \[[@b16-16_28]\]. Both Ca^2+^ sensitivity (pCa~50(v)~) and cooperativity (*n*~(v)~) increased in mutants, but the increase was small and statistically insignificant ([Table 1](#t1-16_28){ref-type="table"}).

Ca^2+^ regulation of sliding force
----------------------------------

To measure sliding force (*F*), bead-tailed thin filaments were used. Similar analysis to the velocity was performed on force, and force per unit thin-filament length (*F*~av~=*F*/length) was plotted against pCa in [Fig. 4 A and B](#f4-16_28){ref-type="fig"}. The force value was divided by the length, because it has long been known that force is proportional to the length \[[@b50-16_28]\]. The results were fitted to [Eq. 3](#fd3-16_28){ref-type="disp-formula"} (solid lines in [Fig. 4 A and B](#f4-16_28){ref-type="fig"}), and the regression parameters are listed in [Table 1](#t1-16_28){ref-type="table"}.

The maximum sliding force (*F*~HC~) was 2.39±0.10 pN/μm (*N*~obs~=58) in V95A, and 3.54±0.12 pN/μm (*N*~obs~=59) in D175N, which were significantly different (*p*\<0.01) from WT (2.95±0.15 pN/μm, *N*~obs~=60) ([Fig. 4C](#f4-16_28){ref-type="fig"}). As seen here, the two mutants exhibited opposite effects: *F*~HC~ was decreased in V95A but increased in D175N. The force values during relaxation (*F*~LC~) were small, and not statistically different between mutants and WT ([Table 1](#t1-16_28){ref-type="table"}). This result may relate to the sensitivity of the measuring device (see Discussion).

The Ca^2+^ activated force (*F*~act~≡*F*~HC~−*F*~LC~) decreased in V95A (2.27±0.10 pN/μm), and increased in D175N (3.43±0.12 pN/μm), both of which were significantly different (*p*\<0.05) from that of WT (2.81±0.15 pN/μm). This effect is similar to *F*~HC~. Both Ca^2+^ sensitivity (pCa~50(f)~) and cooperativity (*n*~(f)~) changed in mutants, but the change was small and statistically insignificant ([Table 1](#t1-16_28){ref-type="table"}).

Angular dependence of force
---------------------------

The angle of the force vector (*θ*) ([Fig. 2B](#f2-16_28){ref-type="fig"}; \[[@b43-16_28]\]) was analyzed by plotting *F*~av~ against *θ* ([Fig. 5A--C](#f5-16_28){ref-type="fig"}), and results are summarized in [Table 2](#t2-16_28){ref-type="table"} and [Figure 5D](#f5-16_28){ref-type="fig"}. *F*~av~ of *θ* above 20° was significantly less than that below 20° in WT, which was also the case in V95A. But there was no significant difference in D175N. The Pearson product-moment correlation coefficients for WT (*P*=−0.28, *M*=degree of freedom=58; *p*\<0.05), V95A (*P*=−0.30, *M*=56; *p*\<0.05), and D175N (*P*=−0.15, *M*=57; *p*=0.25) demonstrate this point.

Duty ratio of cross-bridges
---------------------------

We have deduced the duty ratio at the steady state of force in the saturating \[Ca^2+^\] ([Supplementary Fig. S1](#s1-16_28){ref-type="supplementary-material"}) and unloaded condition. To account for the difference in sliding force, we adopted the model developed to describe sliding force per unit length of the thin filament \[[@b51-16_28]\].

Stall force (*a*) for single myosin molecule is given as
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where *d* is step size (5.4 nm) measured when trap stiffness was 0.1 pN/nm and *K*~cb~ is cross-bridge stiffness (0.58 pN/nm) \[[@b52-16_28],[@b53-16_28]\]. *d* and *K*~cb~ are thought to reflect the characteristics of myosin molecules and not affected by Tpm mutants. Consequently, the same *a* is used for mutants and WT ([Table 1](#t1-16_28){ref-type="table"}).

However, these values varied among previous reports: much higher stiffness values were obtained from single molecule or single fiber measurements, and they were 1--3 pN/nm \[[@b54-16_28]--[@b57-16_28]\]; the random orientation of myosin heads may affect the force per cross-bridge \[[@b58-16_28],[@b59-16_28]\]. Therefore, the estimate of *a* includes an ambiguity and lack of consideration of elasticity of myosin heads \[[@b57-16_28]\]. The value of *a* (3.1 pN) is not in conflict with a previous report that focused on motor coupling coordination \[[@b60-16_28]\]; the values of *d* and *K*~cb~ were obtained with essentially the same experimental setup as used in the current study.

The sliding force at saturating Ca^2+^ (*F*~HC~) is the product of the maximum number of available cross-bridges (*N*~max~), the stall force for the cross-bridge (*a*), and the duty ratio (*ρ*(*a*)):

F

HC

=

N

max

a

ρ

(

a

)

where *N*~max~ is estimated to be 8 heads/μm in the current study (cf. *Materials and Methods*). *ρ*(*a*) is determined as:
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from [Eq. 6](#fd6-16_28){ref-type="disp-formula"}. The values of *ρ*(*a*) are calculated from *F*~HC~ in [Table 1](#t1-16_28){ref-type="table"} and resulted in 0.118, 0.096, and 0.143, for WT, V95A, and D175N, respectively ([Table 1](#t1-16_28){ref-type="table"}). These are different in mutants from WT, because *F*~HC~ values are different. While an ambiguity in *a* leads to an ambiguity in *ρ*(*a*), the main purpose of this estimate is a comparison, and not their absolute values.

The Ca^2+^ dependence of the time averaged force is:
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The formalism of [Eq. 6](#fd6-16_28){ref-type="disp-formula"} was developed by Stam *et al*. \[[@b50-16_28]\]. As shown in [Eq. 6](#fd6-16_28){ref-type="disp-formula"}, *F*~av~ is proportional to the duty ratio *ρ*(*a*), as assumed previously \[[@b19-16_28],[@b51-16_28],[@b61-16_28]\].

We then examined the duty ratio *ρ*(0) at the unloaded condition. Uyeda *et al.* described Ca^2+^-dependence of the sliding velocity (*v*) as a function of the number of force-generating cross-bridges \[[@b45-16_28]\];
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where *v*~0~ is the maximum sliding velocity, and *N* is the number of force-generating cross-bridges per thin filament that changes with pCa. *v*~0~=*d*/*t*~on~, where *t*~on~ is the duration during which the cross-bridge is attached \[[@b45-16_28],[@b62-16_28]\]. In the current study, *v*~0~=*v*~HC~. Because 2--4 μm long filaments were analyzed in the current study, the maximum number of cross-bridges per thin filament is *N*=8 heads/μm×3 μm=24 heads (cross-bridges), where 3 μm is the median filament length. Long-year *et al.* suggested that Tpm and Tn regulate the event frequency of cross-bridge formation by Ca^2+^-dependent manner \[[@b63-16_28]\]. The only parameter that is Ca^2+^-dependent in [Eq. 9](#fd9-16_28){ref-type="disp-formula"} is *H*(*Ca*), which is defined as the indicator of the event frequency. Homsher *et al.* suggested that the relative force obtained as per unit length of the filament, *F*~av~/*F*~HC~ can be considered as a fraction of the number of force generating cross-bridges \[[@b64-16_28]\]. Consequently, the Ca^2+^-dependent event frequency of cross-bridge formation (*N*) is estimated to be 24 *H*(*Ca*), obtained from parameters for sliding force. The data of pCa-dependent sliding velocity ([Fig. 3](#f3-16_28){ref-type="fig"}) is replotted as a function of 24*H* ([Fig. 6](#f6-16_28){ref-type="fig"}), and analyzed using [Eq. 10](#fd10-16_28){ref-type="disp-formula"} to deduce *ρ*(0) by regression. *ρ*(0) of mutants is not significantly different from that of WT ([Table 1](#t1-16_28){ref-type="table"}).

Molecular friction
------------------

It would be interesting to examine coupling between the sliding velocity and the force among different mutants. Their direct coupling has been proposed by Sato *et al.* \[[@b65-16_28]\], and shown by our previous study \[[@b32-16_28]\]. These investigations demonstrated that the sliding velocity is proportionally related to the sliding force in the thin filaments reconstituted with WT Tpm when the density of myosin molecule was kept constant \[[@b32-16_28]\]. Sato *et al.* proposed that the proportional relationship exists between unloaded sliding velocity and active cross-bridge force generated.

[Figure 7](#f7-16_28){ref-type="fig"} summarizes the relationship between the sliding velocity (*v*~HC~) and the force (*F*~av~=*F*~HC~), listed in [Table 1](#t1-16_28){ref-type="table"}. As seen in this figure, the molecular friction (reciprocal slope of [Fig. 7](#f7-16_28){ref-type="fig"}) is similar between pure actin filaments and D175N, less in WT, and least in V95A. The measurements with pure actin filaments were *v*~HC~=4.23±0.04 μm/s (*N*~obs~=12), and *F*~HC~=2.37±0.15 pN/μm (*N*~obs~=33). In the presence of WT Tpm/Tn, *v*~HC~ (*p*\<0.001) and *F*~HC~ (*p*\<0.05) were enhanced as previously reported \[[@b32-16_28]\].

Discussion
==========

Contractile dysfunctions and their molecular bases
--------------------------------------------------

Diastolic dysfunction (incomplete relaxation) is characteristic of HCM \[[@b7-16_28]\]. In fact, we observed increased sliding velocity (*v*~LC~) at the relaxing condition (pCa ≥8.0) in both mutants ([Table 1](#t1-16_28){ref-type="table"}). Comparable results were obtained in the thin filament-reconstituted cardiac muscle fibers with Tpm mutants V95A, D175N, and E180G \[[@b16-16_28]\]. Similar increase was not detected in *F*~LC~, presumably because our detection system was not sensitive enough to the very low force level. Two groups reported contrary results using *in vitro* motility assay \[[@b22-16_28],[@b34-16_28]\]. This difference may be based on lower ionic strength used in the present study. Low ionic strength increases electrostatic interaction between actin and Tpm, and modulates actin and myosin interaction.

In V95A, *v*~act~, *F*~act~, and *F*~HC~ decreased ([Table 1](#t1-16_28){ref-type="table"}), which presumably stem from the same mechanisms and cause less ejection fraction, resulting in less blood pumped during systole. Both of these problems can lead into HCM. In D175N, *F*~act~ and *F*~HC~ increased ([Table 1](#t1-16_28){ref-type="table"}), which is a gain of function and may not cause an immediate systolic problem, but the incomplete relaxation may still cause a diastolic problem to result in HCM. Increased Ca^2+^ sensitivity has been considered a hallmark of HCM \[[@b21-16_28],[@b22-16_28],[@b34-16_28]\]. While our results show small increases in pCa~50~, but their increases are not statistically significant both in velocity and force in either mutant ([Table 1](#t1-16_28){ref-type="table"}), hence our results do not support this hypothesis. The change in pCa~50~ depends on experimental conditions, such as ionic strength, \[ATP\], and \[Pi\] \[[@b16-16_28]\], and the experimental method may be an additional factor. Furthermore, the effect is sometimes opposite, hence a change in pCa~50~ may not be the direct cause of HCM \[[@b25-16_28]\].

A limitation of our results may be the use of skeletal myosin rather than cardiac myosin. The reported difference between skeletal and cardiac myosin is the ATPase turnover rate \[[@b66-16_28]\] and the nucleotide affinity \[[@b67-16_28]--[@b71-16_28]\]. In contrast it was reported that Ca^2+^ sensitivity does not depend on myosin isoforms \[[@b33-16_28],[@b35-16_28]\] under the saturated ATP concentration in the virtual absence of ADP. Because our study is focused on the functional effects of mutations in Tpm, the observed relative changes caused by mutants seem to be sufficiently meaningful.

The *v*~HC~ is similar (proportional) to *d/t*~on~. Shchepkin *et al.* demonstrated previously that the step size (*d*) is not any different in Tpm mutants they have tested \[[@b72-16_28]\]. Although V95A and D175N were not included in their study, there is no reason to believe that *d* (therefore, *t*~on~ as well) is affected by these mutants.

The duty ratio at the unloaded condition, *ρ*(0)=*t*~on~/\[*t*~on~+*t*~off~\] (*t*~off~ is detached duration) is comparable in mutants and WT ([Table 1](#t1-16_28){ref-type="table"}). This is consistent with a previous report by Wang *et al.* \[[@b34-16_28]\], where D175N had no effect on the duty ratio. Because *t*~on~ is not affected by the mutants, this result suggests that *t*~off~ is not affected by mutants.

The opposite effects of both mutants on sliding force (*F*~HC~) must be related to the duty ratio at the steady state, *ρ*(*a*). In our analysis, *ρ*(*a*) is smaller by 19% in V95A than WT, whereas it is larger by 21% in D175N than WT. The smaller active force in V95A, in which hydrophobicity changes without changing the electrical charge, is consistent with the results obtained in our previous study using reconstituted muscle fibers \[[@b16-16_28]\]. Although the values of *ρ*(0) for WT and D175N were comparable ([Table 1](#t1-16_28){ref-type="table"}), *ρ*(*a*) for D175N was substantially larger than that for WT. This result suggests that D175N may affect the load-dependence of cross-bridge formation.

Furthermore, we have observed that D175N maintains the sliding force more stable than WT when the thin filament was pulled vertically by optical tweezers ([Fig. 5](#f5-16_28){ref-type="fig"}). These modulations by D175N must stem from a charge change from Asp (−1) to Asn (0) that modifies electrostatic interaction between actin and Tpm, and/or actin and myosin via Tpm.

Advantages using the *in vitro* motility assay
----------------------------------------------

The *in vitro* motility assay as used in the current study could highlight the effect of the ionic strength on the force generation than other assay systems. The increased active force for D175N is at variance from previous studies that the active force for D175N was not different from that of WT in muscles from transgenic mouse models in which mutant Tpm was expressed \[[@b73-16_28]\], and in an *in vitro* motility assay in the presence of α-actinin as drag force to immobilize thin filaments on coverslip \[[@b21-16_28]\]. Furthermore, smaller active force was reported in reconstituted muscle fibers using D175N than WT \[[@b16-16_28]\]. Optical tweezers assay used in the present study measures the sliding force directly, enhancing the difference between D175N and WT. The difference observed in muscle fibers may be caused by the difference in ionic strength. The current study used 50 mM, whereas fiber studies used 200 mM, which is physiological but makes less sensitive to the ionic interaction. The change in the surface charge in D175N of Tpm is expected to stabilize the force generation process at lower ionic strength because ionic atmosphere is larger in lower ionic strength \[[@b74-16_28]\] as in the current study.

In transgenic animal models, expression of a Tpm mutant cannot achieve the 100% level, and the mutant Tpm coexists with WT Tpm. Such a heterogeneous expression may cause additional effects on contractility due to mismatching at the head-to-tail association between adjacent Tpm molecules \[[@b75-16_28]--[@b77-16_28]\]. These experimental differences may underlie the differences in the results.

Conclusion
==========

We studied a functional significance of HCM mutants of Tpm, V95A and D175N, using *in vitro* motility assays. A failure of inhibition of sliding motion (*v*~LC~) at low \[Ca^2+^\] in both mutants may induce diastolic dysfunction that has been thought to be the major cause of the pathogenesis of Tpm-associated HCM. The changes in sliding force (*F*~HC~) in V95A (decrease) and D175N (increase) were in two different directions, possibly because two mutants modulate the molecular process of actomyosin interaction differently. These results suggest that the *in vitro* motility assay is sensitive to the ionic interaction including actin-Tpm interaction, and is able to distinguish the property of HCM mutants of Tpm based on sliding force and velocity.
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*a*

:   Stall force for single myosin molecule, *a*=*dK*~cb~=5.4 nm×0.58 pN/nm=3.1 pN

*Ca*

:   ≡ \[Ca^2+^\] Free Ca^2+^ concentration

*Ca*~50~

:   Apparent Ca^2+^ dissociation constant. \[Ca^2+^\] of half saturation.

*d*

:   Step size (measured when the trap stiffness is 0.1 pN/nm), *d*=5.4 nm

*F*

:   Sliding force of a filament. All *F* values (below) are angle corrected \[[@b43-16_28]\]

*F*~act~

:   Ca^2+^-activatable sliding force/unit length, *F*~act~=*F*~HC~−*F*~LC~

*F*~av~

:   Time averaged sliding force/unit length, *F*~av~=*F*/length

*F*~HC~

:   Sliding force/unit length in saturating \[Ca^2+^\], *F*~HC~≡*F*~LC~+*F*~act~=8 *aρ*(*a*)

*F*~LC~

:   Sliding force/unit length in the absence of Ca^2+^

fps

:   Frames/s

*H*(*Ca*)

:   $\equiv \frac{1}{1 + \left( \frac{{Ca}_{50}}{Ca} \right)^{n}}$ *H* is also a function of *Ca*~50~ and *n*

HC

:   High *Ca* (pCa 4.0--5.8)

*K*~cb~

:   Cross-bridge stiffness, *K*~cb~=0.58 pN/nm

*L*~a~

:   The length of the thin filament interacting with myosin

*L*~b~

:   The distance between the center of the bead and the end of the filament

LC

:   Low *Ca* (pCa 8.0--9.0)

*M*

:   Degree of freedom

*n*

:   Hill coefficient. (v) is placed to indicate based on unloaded sliding velocity, and (f) to indicate sliding force measurements

*N*

:   Number of force-generating cross-bridges per thin filament (*Ca* dependent), *N*=24*H*, when the filament length is 3 μm and the head density is 8 heads/μm.

*N*~max~

:   The maximum number of available cross-bridges per unit length of thin filament, *N*~max~=8 head/μm

*N*~obs~

:   Number of observations; number of filaments

*P*

:   Pearson product-moment correlation coefficient

pCa

:   ≡ −log \[Ca^2+^\]

pCa~50~

:   ≡ −log *Ca*~50~: Ca^2+^ sensitivity. (v) is placed to indicate based on unloaded sliding velocity, and (f) to indicate sliding force measurements

*ρ*(0)

:   Duty ratio at the unloaded condition

*ρ*(*a*)

:   Duty ratio determined at the steady state of force generation in saturating \[Ca^2+^\]

*t*~cal~

:   *t*-value calculated for Pearson product-moment correlation coefficient.

*t*~off~

:   Detached duration at saturating \[Ca^2+^\]

*t*~on~

:   Attached duration at saturating \[Ca^2+^\]

*θ*

:   The angle of the sliding force vector out of the *X-Y* plane

*v*

:   Unloaded sliding velocity of filaments

*v*~0~

:   The maximum sliding velocity, *v*~0~=*d*/*t*~on~, *v*~0~ corresponds to *v*~HC~ in the current study

*v*~act~

:   Ca^2+^-activatable sliding velocity, *v*~act~=*v*~HC~−*v*~LC~

*v*~HC~

:   Sliding velocity in saturating \[Ca^2+^\], *v*~HC~=*v*~LC~+*v*~act~

*v*~LC~

:   Sliding velocity in the absence of Ca^2+^

![Structure of Tpm. Tpm consists of seven quasi repeats. V95A and D175N are located in period 3 and 5, respectively. Periods 2 and 3 contribute to the positive cooperative effect of Tpm on actin \[[@b31-16_28],[@b32-16_28]\]. The period 5 is thought to be responsible for TnT interaction \[[@b28-16_28]\] and relaxation \[[@b32-16_28]\].](16_28f1){#f1-16_28}

![Method of measuring the sliding velocity and the angle-corrected sliding force using the *in vitro* motility assay system. (A) Reconstituted thin filaments that are either attached to a bead (1.0 μm in diameter) or freely sliding are illustrated. The filaments interact with HMM molecules that were immobilized on the surface of a glass cover-slip coated by collodion. The unloaded sliding velocity was measured by tracking the position of a thin filament freely moving without bead. The sliding force at the steady state was measured by trapping a bead-tailed thin filament by optical tweezers. The displacement of the bead from the trap center on the X--Y plane and the length of the thin filament interacting with myosin on the glass surface (*L*~a~) were measured to determine the angle-corrected sliding force per unit length of the thin filament (*F*~av~=*F*/length). (B) Due to the gap between the trap center (corresponding to the mass center of the trapped bead in the absence of sliding force) and the surface of the cover-slip (\~0.88 μm \[[@b43-16_28]\]), the trapped bead is pulled towards the cover slip when active force is produced. From the predetermined gap size (0.88 μm) and the distance between the center of the bead and the end of the filament illuminated with TIRF system (*L*~b~), the angle of force vector (*θ*) is geometrically estimated as *θ*=*arctan* (0.88 μm/*L*~b~) \[[@b43-16_28]\].](16_28f2){#f2-16_28}

![Ca^2+^-dependence of the sliding velocity of the thin filaments reconstituted with Tpm mutants. (A and B) Sliding velocity at different pCa values was determined in *in vitro* motility assay for thin filaments reconstituted using WT Tpm (white circles) or Tpm mutants (V95A, red squares; D175N, blue triangles). Symbols and vertical error bars represent the mean±SEM (≥400 time intervals of 200 ms in each condition, based on ≥7 filaments, and 2 flow cells). Error bars are smaller than the symbol sizes and cannot be seen. Regression analysis was performed after the value of *v*~LC~ was subtracted from all the data and the resultant values were divided by *v*~act~. Black, red and blue curves represent the best fit to [Eq. 2](#fd2-16_28){ref-type="disp-formula"} for WT, V95A and D175N, respectively. The best fit parameters and standard errors are shown in [Table 1](#t1-16_28){ref-type="table"}. The reconstituted thin filaments were relaxed between pCa 8.0 and 9.0 (horizontal bars), and fully activated between pCa 4.0 and 5.8 (horizontal bars). (C) Distribution of intervals in *v*~LC~ for WT and mutant Tpm in the range of pCa 8.0--9.0. Horizontal bars in dot plots represent average values. WT, *v*~LC~=0.55±0.02 μm/s (mean±SEM, *N*~obs~=15). V95A, 0.71±0.01 μm/s (*N*~obs~=36). D175N, 0.86±0.03 μm/s (*N*~obs~=21). \*\*\* *p*\<0.001. In boxes and whisker plots, the horizontal thick lines represent the median value, and the top and bottom edges of boxes represent the first and third quartiles, respectively.](16_28f3){#f3-16_28}

![Ca^2+^-dependence of the angle-corrected sliding force per unit length of thin filament. (A and B) The angle-corrected sliding force per unit length of the thin filament (*F*~av~) at different pCa conditions were determined by using the *in vitro* motility assay with WT Tpm (white circles) and HCM Tpm mutants (V95A, red squares; D175N, blue triangles). Symbols and the vertical error bars represent the mean±SEM (≥7 measurements over 2 flow cells in each condition). Regression analysis was performed after the value of *F*~LC~ was subtracted from all the data points and the resuls were normalized to *F*~act~. Black, red and blue curves represent the best fit curves to [Eq. 3](#fd3-16_28){ref-type="disp-formula"} for WT, V95A and D175N, respectively. Fitting parameters deduced are shown in [Table 1](#t1-16_28){ref-type="table"}. Solid horizontal bars at the top represent the fully activated condition (pCa 4.0--5.8), where the force is saturated. (C) Distribution of *F*~HC~ for WT and mutant Tpms in the range of pCa 4.0--5.8. Horizontal bars represent average values. WT, 2.95±0.15 pN/μm (mean±SEM, *N*~obs~=60). V95A, 2.39±0.10 pN/μm (*N*~obs~=58). D175N, 3.54±0.12 pN/μm (*N*~obs~=59). Statistical analysis was performed as student's *t*-test. \*\* *p*\<0.01.](16_28f4){#f4-16_28}

![Correlation between active sliding force per unit length (*F*~av~), and the angle of force vector. (A--C) Correlation between the angle-corrected sliding force per unit length of the thin filament (*F*~av~=*F*/length) in the range of pCa 4.0--5.8, and the angle between the glass surface and the thin filaments (*θ*) reconstituted from WT (A, *N*~obs~=60), V95A (B, *N*~obs~=58), and D175N (C, 59 measurements) mutants of Tpm. Regression lines are (A) y=−0.054x+4.2, R=0.28; (B) y=−0.048x+3.4, R=0.30; and (C) y=−0.031x+4.1, R=0.15. (D) Distribution of *F*~av~ at *θ*\<20° and *θ*≥20°. Data were statistically compared by using two-sided student's *t*-test (\**p*\<0.05, NS= no significance).](16_28f5){#f5-16_28}

![*H*(*Ca*) function and the dependence of sliding velocity on the number of cross-bridges. pCa-dependence of the sliding velocity (*v*) ([Fig. 1](#f1-16_28){ref-type="fig"}) was reevaluated by using the *H*(*Ca*) function, which also depends on pCa~50~ (Ca^2+^ sensitivity) and *n* (cooperativity), to estimate the number of force-generating cross-bridges (8 heads/μm×3 μm×*H*(*Ca*) =24×*H*(*Ca*)). The data of sliding velocity vs. pCa are replotted as functions of force-generating cross-bridges (WT: open circles, V95A: red squares, D175N: blue triangles), and regression analysis was performed to estimate duty ratio at unloaded condition. Black, red and blue curves represent the best fit to WT, V95A and D175N, respectively ([Eq. 10](#fd10-16_28){ref-type="disp-formula"}).](16_28f6){#f6-16_28}

![Modulated molecular friction by Tpm mutants. To evaluate the molecular friction due to cross-bridges, unloaded sliding velocity was plotted against the sliding force per unit length of filament, *F*~av~. The reciprocal of the slope for the linear relationship represents the molecular friction. See text for details. The unloaded sliding velocities and the sliding forces of WT, V95A, and D175N are the averages at pCa 4.0--5.8. The data for pure actin filaments were obtained at pCa 5 (Black circles). Statistical analysis was performed as student's *t*-test. \* *p*\<0.05, \*\* *p*\<0.01. Symbols and error bars represent the mean±SEM.](16_28f7){#f7-16_28}

###### 

Parameters for WT and Tpm mutants

  Parameters              WT                V95A                                                       D175N
  ----------------------- ----------------- ---------------------------------------------------------- ----------------------------------------------------------
  *v*~HC~, μm/s           7.16±0.02 (141)   6.98±0.02 (161)                                            7.39±0.02 (166)
  *v*~LC~, μm/s           0.55±0.02 (15)    0.71±0.01[\*\*\*](#tfn4-16_28){ref-type="table-fn"} (36)   0.86±0.03[\*\*\*](#tfn4-16_28){ref-type="table-fn"} (21)
  *v*~act~, μm/s          6.61±0.02 (141)   6.27±0.02[\*\*\*](#tfn4-16_28){ref-type="table-fn"}(161)   6.53±0.02[\*\*](#tfn3-16_28){ref-type="table-fn"} (166)
  *F*~HC~, pN/μm          2.95±0.15 (60)    2.39±0.10[\*\*](#tfn3-16_28){ref-type="table-fn"} (58)     3.54±0.12[\*\*](#tfn3-16_28){ref-type="table-fn"} (59)
  *F*~LC~, pN/μm          0.14±0.02 (21)    0.12±0.01 (21)                                             0.11±0.02 (19)
  *F*~act~, pN/μm         2.81±0.15 (60)    2.27±0.10[\*\*](#tfn3-16_28){ref-type="table-fn"} (58)     3.43±0.12[\*\*](#tfn3-16_28){ref-type="table-fn"} (59)
  *n*~(v)~                1.65±0.23         2.25±0.59                                                  1.90±0.33
  pCa~50(v)~              6.89±0.04         7.07±0.06                                                  6.96±0.04
  *n*~(f)~                1.50±0.46         1.13±0.35                                                  2.11±0.51
  pCa~50(f)~              6.52±0.10         6.72±0.12                                                  6.68±0.06
                                                                                                       
  *a*, pN (stall force)   3.1               3.1                                                        3.1
  *ρ*(*a*) (duty ratio)   0.118             0.096                                                      0.143
  *ρ*(0)                  0.14±0.01         0.14±0.02                                                  0.15±0.02
  *t*~on~, ms             0.75              0.77                                                       0.73
  *t*~off~, ms            4.6               4.7                                                        4.1

Comparable results on pure actin filaments were *v*=4.23±0.04 μm/s (*N*~obs~=12), and *F*=2.37±0.15 pN/μm (*N*~obs~=33). For algebraic averaged parameters, the mean±standard error of the mean (SEM) are shown together with the number of filaments or observations in ( ). For regression parameters, the best-fit value±standard error (SE) are shown. Two-sided students' *t*-test was used to describe statistical differences between a mutant and WT:

*p*\<0.05;

*p*\<0.01;

*p*\<0.001.

###### 

Angular dependence of sliding force *F*~av~

          10°\<*θ*≤20°     20°\<*θ*\<40°
  ------- ---------------- ------------------------------------------------------
  WT      3.34±0.28 (22)   2.72±0.17[\*](#tfn6-16_28){ref-type="table-fn"} (38)
  V95A    2.65±0.15 (27)   2.16±0.12[\*](#tfn6-16_28){ref-type="table-fn"} (31)
  D175N   3.69±0.15 (38)   3.27±0.22 (21)

Average of the data in [Fig. 5A--C](#f5-16_28){ref-type="fig"}. Units: pN/μm.

*p*\<0.05 comparing below and above 20°.

The number of thin filaments studied in ( ). The Pearson product-moment correlation coefficients for WT (*P*=−0.28, *M*=58; *p*\<0.05), V95A (*P*=−0.30, *M*=56; *p*\<0.05) and D175N (*P*=−0.15, *M*=57; *p*=0.25), where *M* is the degree of freedom. See Materials and Methods for details.
